Abstract: We generate, for the first time and to the best of our knowledge, a tunable ultraflat optical frequency comb (OFC) block from a 10-GHz bismuth-based actively modelocked fiber laser. A bismuth-based erbium-doped fiber (Bi-EDF) with a length of 1.5 m and a bismuth-based highly nonlinear fiber (Bi-HNLF) with a length of 4.1 m are used as a gain medium and a spectral broadening device, respectively. We also employ a wavelengthtunable and bandwidth-variable optical filter for an intracavity filter. The center wavelength of the OFC output can be widely tuned from 1535 to 1585 nm because the Bi-EDF has a broadband gain profile. A spectrally broadened ultra-flat OFC is successfully generated by the self-phase modulation in the Bi-HNLF. By tuning the filter bandwidth, the 10-dB spectral width and the pulsewidth of the generated OFC can be widely varied from 0.23 to 2.4 nm and from 3 to 20.1 ps, respectively. The fiber ring cavity is as short as 17.8 m. For the entire tuning ranges, the proposed bismuth-based tunable ultra-flat OFC generator also realizes stable bit-error-free mode-locking operation.
Introduction
Optical frequency comb (OFC) generators with multi-gigahertz spacing is of great interest for many applications, such as wideband multi-wavelength continuous-wave (CW) lasers, ultra-short pulse generation, coherent optical waveform syntheses, ultra-fast signal processing, high resolution spectroscopy, radio-frequency (RF) photonic filtering, and optical frequency reference. High stability, high efficiency, high coherence, low noise, low cost, wide operation bandwidth, and good spectral flatness are usually required for those OFC applications.
In the past, several methods for OFC generation have been proposed and demonstrated. Mode locking based on the fiber-optic or semiconductor technologies [1] - [4] and pulse compression or spectral broadening through the nonlinear process based on four-wave mixing or self-phase modulation (SPM) in the ð3Þ media [5] are conventionally used for implementing the OFC. Recently, owing to the improvement in the electrical bandwidth and the decrease in the driving voltage of the electro-optic modulators, stable OFC generation using electro-optic modulation of a CW laser has also been reported [6] - [9] . Among many OFC sources, actively and harmonically mode-locked fiber lasers (AHMLFLs) are a popular candidate due to their abilities such as wavelength tunability, short pulsewidth, small timing jitter, and high repetition rate in the gigahertz region [1] - [4] . However, the wavelength tuning range of the conventional silica-based erbium-doped AHMLFLs is limited to the alternative of the conventional wavelength band (C-band) or the longer wavelength band (L-band) [10] . In addition, the length of the silica-based erbium-doped fibers (EDFs) used as the gain media is typically 10-100 m, and the corresponding order of harmonics is 500-5000 for 10-GHz mode-locking. Due to such a high harmonics order, the laser cavity also has a large number of competing supermodes. Beating between the supermodes introduces intensity fluctuation of the mode-locked pulses known as the supermode noise. Therefore, short length gain media are attractive for constructing the AHMLFLs because employing long optical elements in the laser cavity makes the laser system more sensitive to environmental disturbance and the supermode beating. Furthermore, it is generally difficult for each OFC component generated by the AHMLFLs to have the same intensity. Therefore, one of the most difficult challenges in the AHMLFLs is how to generate a spectrally flat OFC.
In this paper, we propose and experimentally demonstrate for the first time generation of widely wavelength-tunable and bandwidth-variable ultra-flat OFC block from a 10-GHz short-cavity AHMLFL using a bismuth-based EDF (Bi-EDF) and a bismuth-based highly nonlinear fiber (Bi-HNLF). A broadband gain profile of the Bi-EDF enables a wavelength tuning range of 50 nm from 1535 nm to 1585 nm. Since the Bi-HNLF has an ultra-high nonlinearity, the optical comb spectrum can be flatly broadened up to 2.4 nm with 30 comb lines. By tuning the bandwidth of an intracavity filter, the 10-dB spectral width and the pulsewidth of the generated OFC can successfully be varied from 0.23 to 2.4 nm and from 3 to 20.1 ps, respectively. Because of the short bismuth-based fibers, the length of the fiber ring cavity is 17.8 m. Throughout the entire tuning ranges, the proposed bismuth-based OFC source can also maintain good bit-error-free mode-locking operation. Fig. 1 explains the schematic diagram of the experimental setup. As a very short gain medium, we employed a Bi-EDF with a length of 1.5 m. The Bi-EDF was provided by Asahi-Glass Co., LTD [11] - [14] , [18] - [22] . The fiber length was optimally determined so as to maximize the wavelength tuning range. The refractive indexes of the core and the cladding at 1550 nm were 2.03 and 2.02, respectively. The core and cladding diameters were 5.1 m and 124 m, respectively. The erbium concentration was 3250 ppm. The peak absorption levels around 980 nm, 1480 nm, and 1530 nm were 90 dB/m, 130 dB/m, and 210 dB/m, respectively. The group-velocity dispersion (GVD) at 1550 nm was À 130 ps/nm/km. In order to achieve better mode field diameter matching, both ends of the Bi-EDF were first fusion spliced to high numerical aperture (NA) SiO 2 fibers (HI980, Corning) before being spliced to conventional SiO 2 fibers (SMF28, Corning). Thus, the fiber-tofiber loss at 1310 nm was 2.3 dB [11] , [13] . The Bi-EDF was bidirectionally pumped with two high power laser diodes (LDs). A 974-nm LD with an output power of þ 26 dBm and a 976-nm LD with an output power of þ 27 dBm were used for the forward pumping and the backward pumping, respectively. These pump lights were coupled in the fiber cavity through wavelength-division multiplexed (WDM) fiber couplers. Two optical isolators ensured the unidirectional ring laser oscillation.
Experimental Setup
Sinewave signal from a low noise microwave oscillator was amplified by a RF amplifier and then led to a LiNbO 3 Mach-Zehnder intensity modulator 1 (LNMOD 1). The LNMOD 1 had an electrical bandwidth of 13.2 GHz, an insertion loss of 3.7 dB, and an extinction ratio of 30.3 dB. The LNMOD 1 driven by the RF synthesizer achieved active mode locking at 10 GHz. A polarization controller 1 (PC 1) was used to align the polarization state to that of the LNMOD 1. Instead of adjusting the cavity length by a variable optical delay, the modulation frequency was adjusted in the range form 10.000563 GHz to 10.002038 GHz so that optimal mode locking was maintained.
A spectrally broadened ultra-flat OFC was generated by using the SPM in a Bi-HNLF. The Bi-HNLF was supplied from Asahi-Glass Co., LTD [15] , [16] , [18] , [20] , [21] . The fiber length was as short as 4.1 m. The refractive indexes of the core and the cladding at 1550 nm were 2.22 and 2.13, respectively. The core and cladding diameters were 1.72 m and 125 m, respectively. The effective core area was estimated to be 3.3 m 2 . Because of such a small effective core area and high nonlinearity of the glass material, the nonlinear coefficient estimated from the four-wave mixing measurements was as high as 1110 W À1 km À1 [15] . On the other hand, the Bi-HNLF had a large material dispersion due to the high refractive index. Therefore, the GVD at 1550 nm was as large as À300 ps/nm/km. However, because of the short fiber length, its effect on OFC generation was not so serious [15] . The theoretical NA was calculated to be 0.61. In order to reduce splicing losses, both ends of the Bi-HNLF were first fusion spliced to ultra high NA SiO 2 fibers (UHNA4, Nufern) whose NA was 0.35. The two ultra high NA fibers were then connected to conventional SiO 2 fibers (SMF28, Corning) whose NA was 0.14. The total loss at the input side of the Bi-HNLF, which included the splice loss between the SMF28 and the UHNA4, the splice loss between the UHNA4 and the Bi-HNLF, and the propagation losses in the SMF28 and the UHNA4, was 1.1 dB. That of the output side was 2 dB. The propagation loss of the Bi-HNLF was 1.2 dB/m. The total insertion loss of the Bi-HNLF was therefore 8 dB at 1310 nm [15] . In order to suppress the supermode noise introduced by beating between the competing supermodes, we also used the SPM-based spectral broadening in the Bi-HNLF and the spectral filtering by a wavelength-tunable and bandwidth-variable optical filter (WBOF). In this method, higher intensity pulses were spectrally broadened by the SPM and then suffered higher loss through the WBOF [16] - [18] , [20] , [21] . Through this process, fast optical limiting was realized, and each pulse intensity was equalized. The WBOF, which was supplied from Alnair-Labs Co., LTD, had a flat-top filter profile and a sharp filter-edge roll-off of about 200 dB/nm. The filter center wavelength was tunable over the C-and L-bands, and the 3-dB filter bandwidth Á WBOF was independently variable from 0.2 to 10 nm. The insertion loss of this filter was about 4.5 dB.
Optical power was coupled out of the fiber cavity through a 10% output coupler. An optical power meter and an optical spectrum analyzer measured the characteristics of the OFC output. The OFC output was also sent to an intensity autocorrelator, after being pre-amplified by an erbium-doped fiber amplifier (EDFA). The pulse duration of the OFC output was estimated from autocorrelation traces. The length of the fiber cavity was as short as 17.8 m, which could be essentially shortened to 7.7 m because the total length of the fiber pigtails in the cavity was 10.1 m.
In order to investigate the effectiveness of the proposed bismuth-based tunable OFC generator as the light source for optical communication systems and components, back-to-back bit-error-rate (BER) measurements were also performed in a 10-Gbps return-to-zero (RZ) system. A LNMOD 2 modulated the intensity of the OFC output with a 10-Gbps 2 31 À 1 pseudo-random bit sequence generated by a pulse-pattern generator (PPG). The LNMOD 2 had an electrical bandwidth of 12.5 GHz, an insertion loss of 2.7 dB, and an extinction ratio of 25 dB. Adequate voltage amplitude in the modulator input was assured by a RF driver amplifier. A PC 2 adjusted the polarization state suitable for the LNMOD 2. The modulated 10-Gbps RZ data signal was pre-amplified by a lownoise EDFA (EDFA C/L) and then filtered out by an optical bandpass filter (OBPF C/L) with a 3-dB filter bandwidth of 1 nm and an insertion loss of about 2.4 dB. The EDFAs/OBPFs C and L covered the C-and L-bands, respectively. The filtered data signal was then detected by a 20-GHz photodiode (PD). An output from the 20-GHz PD was amplified by a RF limiting amplifier and then launched on a BER tester (BERT). The BERT measured the BER as a function of the average optical power at the input of the EDFA C/L. The input power of the EDFA C/L was controlled by an optical attenuator (ATT). The 10-Gbps RZ data signal was simultaneously led to a sampling oscilloscope with an electrical bandwidth of 63 GHz in order to monitor the eye diagram. Fig. 2(a) and (b) , respectively show the optical comb spectra and the autocorrelation traces for various Á WBOF values when the center wavelength c of the OFC output is 1560 nm. Ultra-flat combs with a spacing of 0.08 nm corresponding to 10 GHz in the frequency domain are clearly seen. As Á WBOF becomes broader, the spectral width is flatly broadened and the pulsewidth is accordingly shortened. When Á WBOF 2:4 nm, absolute position of the spectral peaks in the comb spectrum dose not fluctuate, and stable OFC generation is maintained. The reason is as follows. In this region, the spectral width of the OFC broadened by the SPM in the Bi-HNLF is wider than the value of Á WBOF . Therefore, the filtered OFC spectrum can be clamped within the filter profile of the WBOF. On the other hand, when Á WBOF 9 2:4 nm, the OFC spectrum becomes compatible with or narrower than the filter profile. In such a case, the position of the spectral peaks can no longer be preserved. Especially, the 10-dB spectral width Á 10 dB and the full width at the half-maximum T FWHM at Á WBOF ¼ 2:4 nm are 2.4 nm with 30 comb lines and 3 ps, respectively. For comparison, we show similar optical spectrum and autocorrelation trace at Á WBOF ¼ 2:4 nm for the system without inserting the Bi-HNLF in Fig. 3(a) and (b) , respectively. In this case, the optical spectrum can no longer be flatly broadened and be stabilized. The T FWHM is 9.8 ps. Fig. 4(a) and (b) show Á 10dB and T FWHM of the generated OFC at c ¼ 1560 nm measured as a function of Á WBOF , respectively. The filled and open circles represent the results for the system with and without the Bi-HNLF, respectively. As we can see from Fig. 4(a) , Á 10 dB is increased up to 0.64 nm (80 GHz in the frequency domain) for the system without inserting the Bi-HNLF. On the other hand, that for the system inserting the Bi-HNLF is successfully increased up to 2.4 nm (300 GHz in the frequency domain). From Fig. 4(b) , T FWHM with the Bi-HNLF is also shortened significantly as Á WBOF becomes broader. These results are clearly attributed to the ultra-high nonlinearity of the Bi-HNLF. The average power ranges from À11.3 dBm to À6.5 dBm. The dependence of the output power on the wavelength is mainly attributed to the gain profile of the Bi-EDF. As shown in Ref. [20] , if we employ the pump LDs with higher output power, the output power will increase, and the wavelength tuning range will be able to completely cover both the C-and L-bands. Fig. 7 (a) and (b) represent the eye diagrams and the BER characteristics of the modulated 10-Gbps RZ data signal at c ¼ 1560 nm for various Á WBOF values, respectively. As shown in Fig. 7(a) , for all of the Á WBOF values, good eye opening is obtained, and the intensity fluctuation of the mode-locked pulses based on the supermode noise cannot be observed. The bit interval is 100 ps corresponding to a repetition rate of 10 GHz. From Fig. 7(b) , the received optical powers at BER ¼ 10 À9 are À34.7 dBm for Á WBOF ¼ 0:2 nm, À36 dBm for Á WBOF ¼ 0:5 nm, À36 dBm À9 is in the range from À36 to À33.1 dBm. Thus, stable bit-error-free mode-locking operation is maintained within a received power deviation of 3 dB over the entire tuning ranges. The long-term operation and the stability of this type of bismuth-based fiber laser have been discussed in Ref. [21] .
Experimental Results and Discussions

Conclusion
We have investigated characteristics of a wavelength-tunable and bandwidth-variable OFC block generated by a bismuth-based 10-GHz short-cavity AHMLFL. A Bi-EDF with a length of 1.5 m has been used as a broadband gain medium, and a wide wavelength tuning range of 50 nm from 1535 nm to 1585 nm has been realized. A spectrally broadened ultra-flat OFC has been successfully generated by using the SPM in a Bi-HNLF with a length of 4.1 m, and the optical comb spectrum has been flatly broadened up to 2.4 nm (300 GHz) with 30 comb lines. By tuning the filter bandwidth, the 10-dB spectral width and the pulsewidth have been widely varied from 0.23 to 2.4 nm and from 3 to 20.1 ps, respectively. The fiber ring cavity has been 17.8 m due to the short bismuthbased fibers. The proposed bismuth-based tunable ultra-flat OFC generator has also maintained stable bit-error-free mode-locking operation within a received power deviation of 3 dB over the entire tuning ranges.
